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1
ELECTRONIC CIRCUITS FOR DRIVING
SERIES CONNECTED LIGHT EMITTING
DIODE STRINGS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a Divisional Application of and claims
the benefit of U.S. patent application Ser. No. 14/149,167,
filed on Jan. 7, 2014, which application is a Divisional Appli-
cation of'and claims the benefit of U.S. patent application Ser.
No. 13/428,654, filed on Mar. 23, 2012 and issued on Feb. 18,
2014 as U.S. Pat. No. 8,653,756, which application is a Divi-
sional Application of the claims the benefit of U.S. patent
application Ser. No. 12/267,645, filed on Nov. 10, 2008 and
issued on May 1, 2012 as U.S. Pat. No. 8,169,161, which
application claims the benefit under 35 U.S.C. §119(e) of
U.S. Provisional Application No. 60/988,520, filed on Nov.
16, 2002, which applications and patents are incorporated
herein by reference in their entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

Not Applicable.

FIELD OF THE INVENTION

This invention relates generally to electronic circuits and,
more particularly, to electronic circuits used to drive a diode
load, for example, a light emitting diode (LED) load.

BACKGROUND OF THE INVENTION

A variety of electronic circuits are used to drive diode loads
and, more particularly, to control electrical current through
strings of series connected light-emitting diodes (LEDs),
which, in some embodiments, form an LED display, or, more
particularly, a backlight for a display, for example, a liquid
crystal display (LCD). It is known that individual LEDs have
a variation in forward voltage drop from unit to unit. There-
fore, the strings of series connected LEDs can have a variation
in forward voltage drop.

Strings of series connected LEDs can be coupled to a
common switching regulator, e.g., a boost switching regula-
tor, at one end of the LED strings, the switching regulator
configured to provide a high enough voltage to supply each of
the strings of LEDs. The other end of each of the strings of
series connected LEDs can be coupled to a respective current
sink, configured to sink a relatively constant current through
each of the strings of series connected LED:s.

It will be appreciated that the voltage generated by the
common switching regulator must be a high enough voltage
to supply the one series connected string of LEDs having the
greatest total voltage drop, plus an overhead voltage needed
by the respective current sink. In other words, if four series
connected strings of LEDs have voltage drops of 30V, 30V,
30V, and -31 volts, and each respective current sink requires
at least one volt in order to operate, then the common boost
switching regulator must supply at least 32 volts.

While it is possible to provide a fixed voltage switching
regulator that can supply enough voltage for all possible
series strings of LEDs, such a switching regulator would
generate unnecessarily high power dissipation when driving
strings of series connected LEDs having less voltage drop.
Therefore, in some LED driver circuits, the voltage drops
through each of the strings of series connected LEDs are
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sensed (for example, by a so-called “minimum select circuit™)
to select a lowest voltage appearing at the end of one of the
strings of series connected LEDs and the common switching
regulator is controlled to generate an output voltage only high
enough to drive the series connected LED string having the
lowest voltage the highest voltage drop). One such minimum
select circuit is described, for example, in U.S. Pat. No. 6,822,
403.

SUMMARY OF THE INVENTION

In accordance with one aspect of the present invention, an
electronic circuit for driving a plurality of series connected
light emitting diode strings with a controllable DC-DC con-
verter includes a plurality of current regulators, each having a
respective input node and a respective output node, the input
node or the output node coupled to an end of a respective one
of the plurality of series connected light emitting diode
strings. Each current regulator is configured to pass a respec-
tive predetermined current through the respective one of the
plurality of series connected light emitting diode strings to
which it is coupled. The electronic circuit also includes a
multi-input error amplifier having a plurality of input, nodes
and an output node. Each one of the plurality of input nodes is
coupled to the input node or the output node of a respective
one of the plurality of current regulators. The multi-input
error amplifier is configured to generate an error signal at the
output node of the error amplifier.

In accordance with another aspect of the present invention,
an electronic circuit for driving a plurality of series connected
light emitting diode strings with a controllable DC-DC con-
verter includes a plurality of current regulators, each having a
respective input node and a respective output node, the input
node or the output node coupled to an end of a respective one
of the plurality of series connected light emitting diode
strings. Each current regulator is configured to pass a respec-
tive predetermined current through the respective one of the
plurality of series connected light emitting diode strings to
which it is coupled. The electronic circuit also includes a
plurality of error amplifiers, each having a respective input
node and a respective output node. Each one of the plurality of
input nodes of the plurality of error amplifiers is coupled to
the input node or the output node of a respective one of the
plurality of current regulators. The output nodes of the plu-
rality of error amplifiers are coupled to a junction node. The
plurality of error amplifiers is configured to generate an error
signal at the junction node.

In accordance with another aspect of the present invention,
an electronic circuit for driving a plurality of series connected
light emitting diode strings with a controllable DC-DC con-
verter includes a plurality of current regulators, each having a
respective input node and a respective output node, the input
node or the output node coupled to an end of a respective one
of the plurality of series connected light emitting diode
strings. Each current regulator is configured to pass a respec-
tive predetermined current through the respective one of the
plurality of series connected light emitting diode strings to
which it is coupled. The electronic circuit also includes a
plurality of switches, each having a respective input node, a
respective output node, and a respective control node. Each
one of the input nodes of the plurality of switches is coupled
to the input node or the output node of a respective one of the
plurality of current regulators. The output nodes of the plu-
rality of switches are coupled together resulting is a compos-
ite signal. The electronic circuit also includes a digital chan-
nel select circuit coupled to the control nodes of the plurality
of switches and configured to close each one of the plurality
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of switches sequentially and periodically. The electronic cir-
cuit also includes an error amplifier having an input node and
an output node. The input node of the error amplifier is
coupled to receive the composite signal. The error amplifieris
configured to generate an error signal at the output node of the
error amplifier.

In accordance with another aspect of the present invention,
an electronic circuit for driving a plurality of series connected
light emitting diode strings with a controllable DC-DC con-
verter includes a plurality of field effect transistors (FETs),
each FET having a respective drain, source, and gate. Each
FET is configured to pass a predetermined current from the
respective drain to the respective source. The electronic cir-
cuit also includes a plurality of resistors, each having respec-
tive first and second ends, each resistor coupled at the first end
to arespective source of one of the plurality of FETs, forming
a respective current sense node. The drain of each FET or the
second end of each resistor is coupled to an end of a respective
one of the plurality of series connected light emitting diode
strings. The electronic circuit also includes a plurality of
amplifiers, each amplifier having a respective input node
coupled to a respective current sense node, and each amplifier
having a respective output node coupled to a respective gate
of'a respective FET. Each one of the plurality of amplifiers is
configured to generate a respective control voltage signal at
the respective output node indicative of a control of the
respective FET for the respective FET to pass the predeter-
mined current from the respective drain to the respective
source. The electronic circuit also includes a maximum select
circuit having a plurality of input nodes coupled to receive the
control voltage signals from the plurality of amplifiers and
having an output node. The maximum select circuit is con-
figured to select a largest one of the control voltage signals
and to generate a signal representative of the largest one of the
control voltage signals at the output node. The electronic
circuit also includes an error amplifier having an input node
and an output node. The input node of the error amplifier is
coupled to the output node of the maximum select circuit. The
error amplifier is configured to generate an error signal at the
output node of the error amplifier.

In accordance with another aspect of the present invention,
an electronic circuit for driving a plurality of series connected
light emitting diode strings with a controllable DC-DC con-
verter includes a plurality of current regulators, each having a
respective input node and a respective output node, the input
node or the output node coupled to an end of a respective one
of the plurality of series connected light emitting diode
strings. Each current regulator is configured to pass a respec-
tive predetermined current through the respective one of the
plurality of series connected light emitting diode strings to
which it is coupled. The electronic circuit also includes a
plurality of switches, each having a respective input node, a
respective output node, and a respective control node. Each
one of the input nodes of the plurality of switches is coupled
to the input node or the output node of a respective one of the
plurality of current regulators. The output nodes of the plu-
rality of switches are coupled together resulting is a compos-
ite signal. The electronic circuit also includes a comparator
coupled to receive the composite signal and configured to
generate a comparison signal. The electronic circuit also
includes a digital channel select circuit coupled to receive the
comparison signal and coupled to the control nodes of the
plurality of switches and configured to close each one of the
plurality of switches sequentially for a time period responsive
to the comparison signal. The electronic circuit also includes
an error amplifier having an input node and an output node.
The input node of the error amplifier is coupled to receive the
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composite signal. The error amplifier is configured to gener-
ate an error signal at the output node of the error amplifier.

In accordance with another aspect of the present invention,
a method of driving a plurality of series connected light
emitting diode strings with a controllable DC-DC converter
includes attempting to pass a respective predetermined cur-
rent through each one of the plurality of series connected light
emitting diode strings, resulting in a respective voltage
appearing at an end of each one of the plurality of series
connected light emitting diode strings. The method also
includes summing each one of the voltages to generate an
error signal to control the DC-DC converter.

In accordance with another aspect of the present invention,
a method of driving a plurality of series connected light
emitting diode strings with a controllable DC-DC converter
includes attempting to pass a respective predetermined cur-
rent through each one of the plurality of series connected light
emitting diode strings, resulting in a respective voltage
appearing at an end of each one of the plurality of series
connected light emitting diode strings. The method also
includes generating respective intermediate signals represen-
tative each one of the voltages, and summing the intermediate
signals to generate an error signal to control the DC-DC
converter.

In accordance with another aspect of the present invention,
a method of driving a plurality of series connected light
emitting diode strings with a controllable DC-DC converter
includes attempting to pass a respective predetermined cur-
rent through each one of the plurality of series connected light
emitting diode strings, resulting in a respective voltage
appearing at an end of each one of the plurality of series
connected light emitting diode strings. The method also
includes sampling each one of the voltages sequentially and
periodically to generate voltage samples, and summing the
voltage samples to generate an error signal to control the
DC-DC converter.

In accordance with another aspect of the present invention,
a method of driving a plurality of series connected light
emitting diode strings with a controllable DC-DC converter
includes attempting to pass a respective predetermined cur-
rent through each one of the plurality of series connected light
emitting diode strings with a respective feedback current
control circuit, resulting in a respective voltage appearing at
an end of each one of the plurality of series connected light
emitting diode strings. A control node of the feedback circuit
generates a control voltage that changes in a direction oppo-
site to a change of the respective voltage. The method also
includes detecting a largest one of the control voltages, and
generating an error signal representative of the largest one of
the control voltages to control the DC-DC converter.

In accordance with another aspect of the present invention,
a method of driving a plurality of series connected light
emitting diode strings with a controllable DC-DC converter
includes attempting to pass a respective predetermined cur-
rent through each one of the plurality of series connected light
emitting diode strings, resulting in a respective voltage
appearing at an end of each one of the plurality of series
connected light emitting diode strings. The method also
includes sampling each one of the voltages sequentially to
generate voltage samples, and comparing each one of the
voltage samples to a threshold signal to generate a compari-
son signal. Each one of the voltage samples has a time period
responsive to the comparison signal. The method also
includes summing the voltage samples to generate an error
signal to control the DC-DC converter.

The above-described circuits and method provide a con-
trollable DC-DC converter to drive a plurality of series con-
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nected light emitting diode strings. The controllable DC-DC
converter is controlled in such a way as to provide just enough
voltage so as to minimize the power dissipation in the a
plurality of series connected light emitting diode strings
while not being overly affected if one of the a plurality of
series connected light emitting diode strings becomes open
circuited.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing features of the invention, as well as the
invention itself may be more fully understood from the fol-
lowing detailed description of the drawings, in which:

FIG. 1 is a schematic diagram of an electronic circuit for
driving a diode load, the electronic circuit having a control-
lable DC-DC converter, current regulators, and a multiple-
input error amplifier configured to provide an error signal to
control an output voltage generated by the controllable DC-
DC converter;

FIG. 2 is a schematic diagram of a switching regulator
circuit that can be used as the controllable DC-DC converter
of FIG. 1;

FIG. 3 is a schematic diagram of an exemplary amplifier
that can be used as the multiple-input error amplifier of FIG.
1

FIG. 4 is a schematic diagram of another electronic circuit
for driving a diode load, the electronic circuit having a con-
trollable DC-DC converter, current regulators, and a plurality
of error amplifiers configured to provide an error signal to
control an output voltage generated by the controllable DC-
DC converter;

FIG. 5 is a schematic diagram of another electronic circuit
for driving a diode load, the electronic circuit having a con-
trollable DC-DC converter, current regulators, and a plurality
of switches coupled to an error amplifier configured to pro-
vide an error signal to control an output voltage generated by
the controllable DC-DC converter;

FIG. 6 is a schematic diagram of another electronic circuit
for driving a diode load, the electronic circuit having a con-
trollable DC-DC converter, current regulators including
FETs and associated current sense circuits, a maximum select
circuit, and an error amplifier configured to provide an error
signal to control an output voltage generated by the control-
lable DC-DC converter;

FIG. 7 is a schematic diagram of an exemplary maximum
select circuit that can be used as the maximum select circuit of
FIG. 6;

FIG. 8 is a schematic diagram of another exemplary maxi-
mum select circuit that can be used as the maximum select
circuit of FIG. 6; and

FIG. 9 is a schematic diagram of another electronic circuit
for driving a diode load, the electronic circuit having a con-
trollable DC-DC converter, current regulators, a comparator,
and a plurality of switches coupled to an error amplifier
configured to provide an error signal to control an output
voltage generated by the controllable DC-DC converter.

DETAILED DESCRIPTION OF THE INVENTION

Before describing the present invention, some introductory
concepts and terminology are explained. As used herein, the
term “boost switching regulator” is used to describe a known
type of switching regulator that provides an output voltage
higher than an input voltage to the boost switching regulator.
While a certain particular circuit topology of boost switching
regulator is shown herein, it should be understood that boost
switching regulators have a variety of circuit configurations.
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Asused herein, the term “buck switching regulator” is used to
describe a known type of switching regulator that provides an
output voltage lower than an input voltage to the buck switch-
ing regulator. It should be understood that there are still other
forms of switching regulators other than a boost switching
regulator and other than a buck switching regulator, and this
invention is not limited to any one type.

DC-DC converters are described herein. The described
DC-DC converters can be any form of switching regulator,
including, but not limited to, the above-described boost and
buck switching regulators.

As used herein, the term “current regulator” is used to
describe a circuit or a circuit component that can regulate a
current passing through the circuit or circuit component to a
predetermined, i.e., regulated, current. A current regulator
can be a “current sink,” which can input a regulated current, or
a “current source,” which can output a regulated current. A
current regulator has a “current node” at which a current is
output in the case of a current source, or at which a current is
input in the case of a current sink.

As used herein, the term “current sense circuit” is used to
describe a circuit that can sense a regulated current passing
through a circuit. In some particular arrangements, the cur-
rent sense circuit provides a voltage output proportional to a
sensed current.

Referring to FIG. 1, an exemplary electronic circuit 10
includes a controllable DC-DC converter 12 coupled to series
connected diode strings 14, 16, 18, which, in some arrange-
ments, are series connected light emitting diode (LED)
strings as may form an LED display or a backlight for a
display, for example, a liquid crystal display (LCD). As
described above, in some arrangements, the controllable DC-
DC converter 12 is a switching regulator, one type of which is
described more fully below in conjunction with FIG. 2. The
series connected LED strings 14-18 are coupled to respective
current regulators 20, 22, 24, here shown to be current sinks.
Each one of the current regulators 20, 22, 24 has a respective
voltage sense node 20a-24a.

Since the series connected LED strings 14-18 can each
generate a different voltage drop, the voltages appearing at
the voltage sense nodes 20a-24a can be different. It will also
be recognized that at least a predetermined minimum voltage
must be present at each of the voltage sense nodes in order for
the current regulators 20, 22, 24 to function properly, i.e., to
sink the desired current for which they are designed.

A multi-input error amplifier 32 is coupled to receive volt-
age signals 26, 28, 30 corresponding to voltages appearing at
the voltage sense nodes 20a-24a, respectively, at an inverting
input node. The multi-input error amplifier 32 is also coupled
to receive a reference voltage signal 31, for example, 0.5
volts, at a non-inverting input node. The multi-input error
amplifier 32 is configured to generate an error signal 34,
which is related to an opposite of an arithmetic mean of the
voltage signals 26-30. In some particular arrangements, the
multi-input error amplifier 32 has inputs comprised of metal
oxide semiconductor (MOS) transistors, as shown below in
FIG. 3. In some arrangements, the error amplifier 32 is a
transconductance amplifier, which provides a current-type
output.

The circuit 10 can include a capacitor 36. The capacitor 36
can be comprised of an output capacitance of the multi-input
error amplifier 32 in parallel with an input capacitance of an
error node 125 of the controllable DC-DC converter 12. How-
ever, in some other arrangements, the capacitor 36 can
include another capacitor as well. In one particular arrange-
ment, the capacitor 36 has a value of about one hundred
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picofarads. The capacitor 36 can provide a loop filter and can
have a value selected to stabilize a feedback control loop.

The controllable DC-DC converter 12 is coupled to receive
the error signal 34 at the error node 125 of the controllable
DC-DC converter 12. The controllable DC-DC converter 12
is also coupled to receive a power supply voltage, Vps, at an
input node 12¢ and to generate a regulated output voltage 38
at an output node 12a in response to the error signal 34. In
some arrangements, the controllable DC-DC converter 12 is a
boost switching regulator and the controllable DC-DC con-
verter 12 is coupled to receive the power supply voltage, Vps,
at the input node 12¢ and to generate a relatively higher
regulated output voltage 38 at the output node 12a.

With this arrangement, the controllable DC-DC converter
12 is controlled by an arithmetic mean of the voltage signals
26,28, 30. Thus, a voltage signal 26, 28, 30 that would be too
low to provide proper operation of an associated one of the
current regulators 20, 22, 24 will result in an increase in the
error signal 34, tending to raise the output voltage 38 of the
controllable DC-DC converter 12.

It should be appreciated that the regulated output voltage
38 has a particular desired value. Specifically, the particular
desired value of the regulated output voltage 38 is that which
achieves a high enough voltage at all of the current regulators
20, 22, 24 so that they can all operate properly to regulate
current as desired. In addition, the particular desired value of
the regulated output voltage 38 is that which is as low as
possible so that the one or more of the current regulators that
receive the lowest voltage(s) (i.e., the greatest voltage drop
across the associated series connected LED strings 14,16, 18)
have just enough voltage to properly operate. With this par-
ticular desired value of the regulated output voltage 38, a low
power is expended in the current regulators 22, 24, 26, result-
ing in high power efficiency while properly illuminating the
LEDs.

In some particular arrangements, the desired value of regu-
lated voltage 38 can include a voltage margin (e.g., one volt).
In other words, in some arrangements, the particular desired
value of the regulated output voltage 38 is that which is as low
as possible so that the one or more of the current regulators
that receive the lowest voltage(s) have just enough voltage to
properly operate, plus the voltage margin. Still, a low power
consumption results.

The above described error signal 34, which is the arith-
metic mean of the voltage signals 26, 28, 30, approximately
achieves the particular desired value of the regulated output
voltage 38.

Certain elements of the circuit 10 can be within a single
integrated circuit. For example, in some arrangements, the
current regulators 20, 22, 24, the multi-input amplifier 32, the
capacitor 36, and some internal elements of the controllable
DC-DC converter 12 (described more fully below in conjunc-
tion with FIG. 2) can be within the single integrated circuit.

In some alternate arrangements, the multi-input error
amplifier 32 is replaced by a multi-input comparator, which
either has hysteresis, or which is periodically clocked at
which time it makes a comparison.

In some alternate embodiments, the current regulators
20-24, which are shown to be coupled to the bottom (cathode)
ends of the series connected LED strings 14-18, respectively,
can instead be at to top (anode) ends of the series connected
LED strings 14-18, respectively. In these embodiments, the
input nodes 20a-24a are coupled to receive the regulated
output voltage 38, and output nodes 205-245 are coupled to
the anode ends of the series connected LED strings 14-18,
respectively. Furthermore, in these embodiments, the invert-
ing inputs of the error amplifier 32 are coupled to the output
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nodes 205-24b, which become the voltage sense nodes in
place of the input nodes 20a-24a, and the non-inverting input
of the error amplifier 32 is coupled to receive a different
reference voltage.

The circuit 10 has advantages over the prior art. For
example, the circuit 10 avoids the necessity for the above-
described minimum select circuit, which can result in less
integrated circuit die area.

Referring now to FIG. 2, in which like elements of FIG. 1
are shown having like reference designations, the control-
lable DC-DC converter 12 can include a portion 14 that can be
within the above-described integrated circuit, and a portion
16 that can be external to but coupled to the integrated circuit.

The portion 14 can include a pulse width modulation
(PWM) controller 18 coupled to receive the error signal. 34
from the multiple-input error amplifier 32 of FIG. 1. The
PWM controller 18 is configured to generate a PWM signal
20. A control current passing element, for example, a FET 22,
is coupled to receive the PWM signal 20 at a gate node and to
receive a pulsed current signal 24 at a drain node.

The portion 16 can include an input capacitor 26 coupled
between the power supply voltage, Vps, received at the node
12¢ and a ground voltage. An inductor 28 can have an input
node 28a also coupled to receive the input voltage, Vps, and
an output node 285 coupled to the drain node of the FET 22.
A diode 30 can have an anode coupled to the output node 285
of the inductor 28 and a cathode coupled to the output node
124, at which the regulated output voltage, Vreg, is generated.
An output capacitor 32 can be coupled between the output
node 12qa and the ground voltage.

Referring now to FIG. 3, a multi-input error amplifier 50
can be the same as or similar to the multi-input error amplifier
32 of FIG. 1. The multi-input error amplifier 50 can include a
non-inverting node 54a associated with a metal oxide semi-
conductor (MOS) field effect transistor (FET). The multi-
input error amplifier 50 can also include a plurality of invert-
ing input nodes, here shown as three inverting input nodes
56a, 58a, 60a, associated with MOSFETs 56, 58, 60, respec-
tively. One of ordinary skill in the art will understand that,
with this particular arrangement, the gain of the multi-input
error amplifier 50 will be proportional to the number of invert-
ing inputs that are used. Therefore, as described above, the
gain of the multi-input error amplifier 50 is proportional to an
arithmetic mean of signals applied to the three inverting input
ports 56a, 58a, 60a.

Referring now to FIG. 4, in which like elements of FIG. 1
are shown having like reference designations, an exemplary
electronic circuit 70 includes error amplifiers 78, 80, 82. The
error amplifier 78 is coupled to receive a voltage signal 72 at
an inverting input node and configured to generate an error
signal 78a, the error amplifier 80 is coupled to receive a
voltage signal 74 at an inverting input node and configured to
generate an error signal 80a, and the error amplifier 82 is
coupled to receive a voltage signal 76 at an inverting input
node and configured to generate an error signal 82a. The
voltage signals 72, 74, 76 can be the same as or similar to the
voltage signals 26, 28, 30, respectively, of FIG. 1. The error
amplifiers 78, 80, 82 are also coupled to receive a reference
voltage 77, for example, 0.5 volts, at their non-inverting input
nodes. The error signals 78a, 80a, 824 sum to generate an
error signal 84 in a particular way described more fully below.
In some arrangements, the error amplifiers 78, 80, 82 are
transconductance amplifiers, which provide current-type out-
puts.

The circuit 70 can include a capacitor 86 coupled to the
output nodes of the error amplifiers 78, 80, 82. The capacitor
86 can be comprised of a parallel combination of output
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capacitances of the error amplifiers 78, 80, 82 in parallel with
the input capacitance of the error node 125 of the controllable
DC-DC converter 12. However, in some other arrangements,
the capacitor 86 can include another capacitor as well. In one
particular arrangement, the capacitor 86 has a value of about
one hundred picofarads. The capacitor 86 can provide a loop
filter and can have a value selected to stabilize a feedback
control loop.

In one particular arrangement, the error signals 78a, 80a,
82a sum in a particular way to generate the error signal 84. In
particular, the output stages (not shown) of the amplifiers 78,
80, 82 can be configured to provide a larger current in one
direction than in the other direction. In other words, the output
stages of the amplifiers 78, 80, 82 can source more current
than they can sink, or vice versa. With this arrangement, for
example, if the amplifiers 78, 80, 82 can source more current
than they can sink, and ifthe error signal 84 is lower in voltage
than one of the amplifiers 78, 80, 82 attempts to generate, the
amplifier attempting to drive the voltage of the error signal 84
higher can at least partially override other ones of the ampli-
fiers 78, 80, 82, which are attempting drive the voltage of the
error signal 84 lower. For this particular example, since the
amplifiers 78, 80, 82 are inverting amplifiers, the amplifier
attempting to drive the error signal 84 higher is associated
with a current regulator 20, 22, 24, which has a voltage sense
node 20a, 22a, 24a, at which a lowest voltage occurs.

One of ordinary skill in the art will recognize that an
amplifier with asymmetrical output current drive ability is
fashioned by way of asymmetrically sized output transistors
in an output stage of the amplifier.

The controllable DC-DC converter 12 is coupled to receive
the error signal 84 at the error node 125 of the controllable
DC-DC converter 12. The controllable DC-DC converter 12
is also coupled to receive the power supply voltage, fps, at the
input node 12¢ and to generate a regulated output voltage 88
at the output node 124 in response to the error signal 84. It
should be recognized that the regulated output voltage 88 can
be the same as or similar to the regulated output voltage 38 of
FIG. 1. However, since the error signal 84 is generated in a
different way than the error signal 34 of FIG. 1, the regulated
output voltage 88 need not be exactly the same as the regu-
lated output voltage 38.

With this arrangement, the controllable DC-DC converter
12 is controlled predominantly by one or more of the ampli-
fiers 78, 80, 82, which is coupled to one or more of the current
regulators 20, 22, 24 having the lowest voltage. However,
other ones of the amplifiers 78, 80, 82 also contribute to the
error signal 84, but with less influence. Thus, a voltage signal
72,74, 76 that would otherwise be too low to provide proper
operation of'an associated one of the current regulators 20, 22,
24 will result in an increase in the error signal 84, tending to
raise the regulated output voltage 88 of the controllable DC-
DC converter 12.

A particular desired value of the regulated output voltage
38 is described above in conjunction with FIG. 1, and the
same particular desired value applies in the same way to the
regulated output voltage 88. The above described error signal
84, which is dominated by one or more of the signals 78a,
804, 82a, which are representative of a respective lowest one
or more of the voltage signals 72, 74, 76, approximately
achieves the particular desired value of the regulated output
voltage 88.

Certain elements of the circuit 70 can be within, a single
integrated circuit. For example, in some arrangements, the
current regulators 20, 22, 24, the amplifiers 78, 80, 82, the
capacitor 86, and some internal elements of the controllable
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DC-DC converter 12 (described more fully above in conjunc-
tion with FIG. 2) can be within the single integrated circuit.

In some alternate arrangements, the error amplifiers 78, 80,
82 can be replaced by comparators, for which the outputs can
be combined with an OR gate.

In some alternate embodiments, the current regulators
20-24, which are shown to be coupled to the bottom (cathode)
ends of the series connected LED strings 14-18, respectively,
can instead be at to top (anode) ends of the series connected
LED strings 14-18, respectively. In these embodiments, the
input nodes 20a-24a are coupled to receive the regulated
output voltage 38, and output nodes 205-245 are coupled to
the anode ends of the series connected LED strings 14-18,
respectively. Furthermore, in these embodiments, the invert-
ing inputs of the error amplifiers 78-82 are coupled to the
output nodes 205-24b, which become the voltage sense nodes
in place of the input nodes 20a-24a, and the non-inverting
inputs of the error amplifiers 78-82 are coupled to receive a
different reference voltage.

The circuit 70 has advantages over the prior art. For
example, the circuit 70 avoids the necessity for the above-
described minimum select circuit, which can result in less
integrated circuit die area. Furthermore, for embodiments in
which the error amplifiers 78, 80, 82 have asymmetrical out-
put drive capabilities as described above, a loop gain of the
circuit 70 tends to change (e.g., drop) as more of the current
regulators 20, 22, 24 come into regulation, i.e., receive suffi-
ciently high voltage signals 72, 74, 76. The lower gain of the
loop results in a drop of the error signal 84 as soon as any of
the current regulators 20, 22, 24 begin to regulate. For
embodiments in which the controllable DC-DC converter 12
is a boost switching regulator (described more fully below in
conjunction with FIG. 2), this tends to improve feedback loop
stability and reduce overshoot and ringing that might occur
during any voltage step, for example, at turn on of the circuit
70.

As yet another advantage, for some arrangements similar
to the circuit 70, one or more of the series connected LED
string 14, 16, 18 can receive a different regulated voltage, for
example, from a different respective one of more DC-DC
converters (not shown). This arrangement is advantageous for
circuits that require that a respective one or more of the
current regulator 20, 22, 24 regulate to a different current. For
example, if the two current regulators 20, 22 and associated
two series connected LED strings 14, 16 were passing twenty
milliamps and the one current regulator 24 and associated
series connected LED string 18 were passing one hundred
milliamps, then the series connected LED string 18 would
require a higher regulated voltage than the regulated voltage
88. Examples where different currents are required include
RGB (red-green-blue) applications where each series con-
nected LED string has different colored LEDs or provides a
backlight for different colored LEDs. Another example is a
circuit for flash applications where some series connected
LED strings would be for backlighting and other series con-
nected LED string would be for a flash application.

Referring now to FIG. 5, in which like elements of FIG. 1
are shown having like reference designations, an exemplary
electronic circuit 90 includes switches 98, 100, 102, coupled
to receive voltage signals 92, 94, 96, respectively. The voltage
signals 92, 94, 96 can be the same as or similar to the voltage
signals 26, 28, 30, respectively, of FIG. 1. The switches are
also coupled to receive a control signal 112 generated by a
digital channel select module 110, which causes the switches
98, 100, 102 to close sequentially and periodically, one at a
time, for substantially equal periods, resulting in sequential
and periodic voltage signals 104, 106, 108, which directly
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combine into a composite signal 114. In one particular
arrangement, the control signal 112 has a frequency of about
one hundred kilohertz.

An error amplifier 116 is coupled to receive the composite
signal 114 at an inverting input node, to receive a reference
voltage 115, for example, 0.5 volts, at a non-inverting input
node, and configured to generate an error signal 118. In some
arrangements, the error amplifier 116 is a transconductance
amplifier, which provides a current-type output.

The circuit 90 can include a capacitor 120 coupled to the
output node of the error amplifier 116. The capacitor 120 can
be comprised of a parallel combination of output capacitance
of the error amplifier 116 in parallel with the input capaci-
tance of the error node 125 of the controllable DC-DC con-
verter 12. However, in some other arrangements, the capaci-
tor 120 can include another capacitor as well. In one
particular arrangement, the capacitor 120 has a value of about
one hundred picofarads. The capacitor 120 can provide a loop
filter and can have a value selected to stabilize a feedback
control loop.

The output stage (not shown) of the amplifier 116 can be
configured to provide a larger current in one direction than in
the other direction. In other words, the output stage of the
amplifier 116 can source more current than it can sink, or vice
versa. With this arrangement, for example, if the amplifier
116 can source more current than it can sink, and if the error
signal 118 is lower in voltage than one of the voltage signals
104, 106, 108 attempts to generate during its associated time
periods within the composite signal 114, the amplifier 118
responds by driving the error signal 118 higher, giving domi-
nance to the lowest one or more of the voltage signals 104,
106, 108.

An amplifier with asymmetrical output current drive capa-
bility can be fashioned by way of asymmetrically sized output
transistors in an output stage of the amplifier.

The controllable DC-DC converter 12 is coupled to receive
the error signal 118 at the error node 124 of the controllable
DC-DC converter 12. The controllable DC-DC converter 12
is also coupled to receive the power supply voltage, Vps, at
the input node 12¢ and to generate a regulated output voltage
122 at the output node 124 in response to the error signal 118.
It should be recognized that the regulated output voltage 122
can be the same as or similar to the regulated output voltage
38 of FIG. 1. However, since the error signal 118 is generated
in a different way than the error signal 34 of FIG. 1, the
regulated output voltage 122 need not be exactly the same as
the regulated output voltage 38.

With this arrangement, the controllable DC-DC converter
12 is primarily controlled by a lowest one or more of the
voltage signals 104, 106, 108 and other ones of the voltage
signals 104, 106, 108 can have less influence. Thus, a voltage
signal 92, 94, 96 that would otherwise be too low to provide
proper operation of an associated one of the current regulators
20, 22, 24 will result in an increase in the error signal 118,
tending to raise the regulated output voltage 122 of the con-
trollable DC-DC converter 12.

With this arrangement, the controllable DC-DC converter
12 is controlled predominantly by one or more of the voltage
signals 104, 106, 108 having the lowest voltage. However,
other ones of the voltage signals 104, 106, 108 also contribute
to the error signal 118, but with less influence.

A particular desired value of the regulated output voltage
38 is described above in conjunction with FIG. 1, and the
same particular desired value applies in the same way to the
regulated output voltage 122. The above described error sig-
nal 118, which is dominated by a lowest one or more of the
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voltage signals 104, 106, 108, approximately achieves the
particular desired value of the regulated output voltage 122.
Certain elements of the circuit 90 can be within a single
integrated circuit. For example, in some arrangements, the
current regulators 20, 22, 24, the switches 104, 106, 108, the
digital channel select circuit 110, the amplifier 116, the
capacitor 120, and some internal elements of the controllable
DC-DC converter 12 (described more fully above in conjunc-
tion with FIG. 2) can be within the single integrated circuit.
In some alternate arrangements, the error amplifier 116 can
be replaced by a comparator coupled to a digital integrator (or
a counter) that generates a weighted sum of the outputs from
the comparator associated with closures of the switches 98,
100, 102. In other alternate arrangements, the error amplifier
116 can be replaced by a comparator, which generates an
output signal that takes on a zero state (requesting a lower
regulated output voltage 122) only when all of the current
regulators 20, 22, 24 are determined to be properly regulating.
In some alternate embodiments, the current regulators
20-24, which are shown to be coupled to the bottom (cathode)
ends of the series connected LEI) strings 14-18, respectively,
can instead be at to top (anode) ends of the series connected
LED strings 14-18, respectively. In these embodiments, the
input nodes 20a-24a are coupled to receive the regulated
output voltage 38, and output nodes 205-245 are coupled to
the anode ends of the series connected LED strings 14-18,
respectively. Furthermore, in these embodiments, the
switches 98-102 are coupled to the output nodes 205-24b,
which become the voltage sense nodes in place of the input
nodes 20a-24a, and the non-inverting input of the error ampli-
fier 116 is coupled to receive a different reference voltage.
The circuit 90 has advantages over the prior art. For
example, the circuit 90 avoids the necessity for the above-
described minimum select circuit, which can result in less
integrated circuit die area. Furthermore, for embodiments in
which the error amplifier 116 has an asymmetrical output
drive capability as described above, a loop gain of the circuit
90 tends to change (e.g., drop) as more of the current regula-
tors 20, 22, 24 come into regulation, i.e., receive sufficiently
high voltage signals 92, 94, 96. The lower gain of the loop
results in a drop of the error signal 118 as soon as any of the
current regulators 20, 22, 24 begin to regulate. For embodi-
ments in which the controllable DC-DC converter 12 is a
boost switching regulator (described more fully below in
conjunction with FIG. 2), this tends to improve feedback loop
stability and reduce overshoot and ringing that might occur
during any voltage step, for example, at turn on of the circuit

Referring now to FIG. 6, in which like elements of FIG. 1
are shown having like reference designations, an exemplary
electronic circuit 130 includes FETs 132, 134, 136, having
drains coupled to cathode ends of the series connected LED
strings 14,16, 18, respectively. Sources of the FETs 132, 134,
136 are coupled to one end of resistors 138, 140, 142, respec-
tively, forming respective current sense nodes 150a, 152a,
154a, at which feedback signals 150, 152, 152 are generated.

The feedback signals 150, 152, 154 are coupled to invert-
ing input nodes of amplifiers 144, 146, 148, respectively. A
reference voltage signal 156, for example, 0.2 volts, is
coupled to the non-inverting input nodes of each one of the
amplifiers 144, 146, 148. The resistors 138, 140, 142 in com-
bination with the respective amplifiers 144, 146, 148 are
referred to herein as current sense circuits.

It should be appreciated that the feedback signal 150a,
152a, 154a are representative of currents flowing through the
resistors 138, 140, 142, respectively. The feedback signals
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150a, 152a, 154a, are therefore, not representative of volt-
ages appearing at inputs of current regulators (e.g., 20, 22, 24
of FIG. 1).

Amplifiers 144, 146, 148 are configured to generate volt-
age signals 162, 164, 166, respectively. It will be recognized
that the voltage signals 162, 164, 166 are voltage signals that
have voltage values representative of currents flowing
through the FETs 132, 134, 136, respectively. The voltage
signals 162,164,166, are, therefore, also not representative of
voltages appearing at inputs of current regulators (e.g., 20, 22,
24 of FIG. 1).

It is described above in conjunction with FIG. 1, that it is
desirable to maintain a voltage at each one of the current
regulators 20, 22, 24 that is sufficiently high to allow proper
operation of the current regulators 20, 22, 24. One or more of
the current regulators 20, 22, 24 receive a lowest voltage.
Accordingly, in the circuit 130, one or more of the FETs
receive a voltage signal 162, 164, 166 having a highest volt-
age. The highest voltage is representative of one or more of
the current regulators 20, 22, 24 being turned on the most and
being nearest to improper operation (i.e., shut off).

Accordingly, the voltage signals 162, 164, 166 are received
by a maximum select circuit 168, which is configured to
select a highest one of the voltage signals 162, 164, 166 and
to pass through the highest one as the highest voltage signal
169. Exemplary maximum select circuits are described more
fully below in conjunction with FIGS. 7 and 8.

An error amplifier 170 is coupled to receive the highest
voltage signal 169 at a non-inverting input node. The error
amplifier 170 is also coupled to receive a reference voltage
signal 172, for example, 2.5 volts, at an inverting input node.
The error amplifier 170 is configured to generate an error
signal 174 coupled to the error input node 125 of the control-
lable DC-DC converter 12. The error amplifier 170 can have
an output stage (not shown) with relatively equal source and
sink capabilities. In some arrangements, the error amplifier
170 is a transconductance amplifier, which provides a cur-
rent-type output.

The circuit 130 can include a capacitor 176 coupled to the
output node of the error amplifier 170. The capacitor 176 can
be comprised of a parallel combination of output capacitance
of the error amplifier 170 in parallel with the input capaci-
tance of the error node 125 of the controllable DC-DC con-
verter 12. However, in some other arrangements, the capaci-
tor 176 can include another capacitor as well. In one
particular arrangement, the capacitor 176 has a value of about
one hundred picofarads. The capacitor 176 can provide a loop
filter and can have a value selected to stabilize a feedback
control loop.

The controllable DC-DC converter 12 is coupled to receive
the error signal 174 at the error node 124 of the controllable
DC-DC converter 12. The controllable DC-DC converter 12
is also coupled to receive the power supply voltage, Vps, at
the input node 12¢ and to generate a regulated output voltage
178 at the output node 124 in response to the error signal 174.
It should be recognized that the regulated output voltage 178
can be the same as or similar to the regulated output voltage
38 of FIG. 1. However, since the error signal 174 is generated
in a different way than the error signal 34 of FIG. 1, the
regulated output voltage 178 need not be exactly the same as
the regulated output voltage 38.

With this arrangement, the controllable DC-DC converter
12 is primarily controlled to keep all of the FETs 132, 134,
136 out of saturation, i.e., to keep a highest one of the voltage
signals 162, 164, 166 below a desired value, while maintain-
ing currents through the resistors 138, 140, 142 at a predeter-
mined value. Each one of the amplifier, FET, and resistor
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groups, for example the amplifier 144, the FET 132, and the
resistor 138, operate as a current regulator, for which proper
operation is maintained by controlling a highest one of the
voltage signals 162, 164, 166 by adjusting the regulated out-
put voltage 178 to be just high enough (which can include a
margin, for example, a one volt margin).

A desired largest error signal 174 achieves linear operation
ofthe FET 132, 134, 236 associated with the series connected
LED string 14, 16, 18 having the largest voltage drop. In one
particular embodiment, the desired largest error signal 174 is
four volts or less, in accordance with an amplifier 144, 146,
148 capable of generating an output signal 162, 164, 166 of
five volts or less.

A particular desired value of the regulated output voltage
38 is described above in conjunction with FIG. 1, and the
same particular desired value applies in a similar way to the
regulated output voltage 178. The above described error sig-
nal 174 approximately achieves the particular desired value
of the regulated output voltage 178.

Certain elements of the circuit 130 can be within a single
integrated circuit. For example, in some arrangements, the
FETs 132,134,136, the resistors 138,140, 142, the amplifiers
144, 146, 148, the maximum select circuit 168, the error
amplifier 170, the capacitor 176, and some internal elements
of'the controllable DC-DC converter 12 (described more fully
above in conjunction with FIG. 2) can be within the single
integrated circuit.

In some alternate embodiments, the FETs 132-136, the
resistors 138-142, and the amplifiers 144-148, which are
shown to be at the bottom ends of the series connected LED
strings 14-18, respectively, can instead be at the top ends of
the series connected LED strings 14-18, respectively.

The circuit 130 has advantages over the prior art. In opera-
tion, the circuit 130 is able to regulate the controllable DC-
DC converter 12 to achieve a regulated voltage 178 that
assures that none of the FETs 132, 134, 136 go into current
starvation, i.e., they can regulate current as desired. In con-
trast, use of the above-described minimum select circuit in
prior art results in a desired regulated output voltage 178 able
to provide enough voltage to associated current regulators. As
described above, with the prior art arrangement, a voltage
margin, e.g., one volt, is often used to assure than none of the
associated current regulators will be current starved. Thus,
the prior art tends to waste some power in the current regula-
tors by way of the voltage margin, whereas the circuit 130 can
operate without a margin or with a smaller margin.

Referring now to FIG. 7, a circuit 200 can be used as the
maximum select circuit 168 of FIG. 6. The circuit 200
includes three input nodes 202, 204, 206 coupled to respec-
tive cathode ends of diodes 208, 210, 212. Anode ends of the
diodes 208, 210, 212 are coupled together to an input node of
acurrent regulator 214 and to an output node 216 of the circuit
200.

It will be appreciated that an output signal VMAX appear-
ing at the output node 216 is a largest one of input signals
appearing at the input nodes 202, 204, 206.

Referring now to FIG. 8, another circuit 230 can be used as
the maximum select circuit 168 of FIG. 6. The circuit 230
includes three input nodes 232, 234, 236 coupled to gates of
respective FETs 238, 240, 242. Drains of the FETs 238, 240,
242 are coupled together and to a source of a FET 244.
Sources of the FETs 238,240, 242 are coupled together and to
an input node of a current regulator 250. A gate of the FET
244 is coupled to a gate of a FET 246 and also to the source of
the FET 244. A source of the FET 246 is coupled to an output
node 252 of the circuit 230. The output node 252 is coupled to
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a gate and a drain of a FET 248. A source of the FET 248 is
coupled to the input node of the current regulator 250.

It will be appreciated that an output signal VMAX appear-
ing at the output node 252 is a largest one of input signals
appearing at the input nodes 238, 240, 242.

Referring now to FIG. 9, in which like elements of FIGS. 1
and 5 are shown having like reference designations, an exem-
plary electronic circuit 270 includes the switches 98, 100,
102, coupled to receive voltage signals 272, 274, 276 respec-
tively. The voltage signals 272,274, 276 can be the same as or
similar to the voltage signals 26, 28, 30, respectively, of FIG.
1 or the voltage signals 92, 94, 96 of FIG. 5. The switches 98,
100, 102 are also coupled to receive a control signal 298
generated by a digital channel select module 296, which
causes the switches 98, 100, 102 to open and close, but in a
different way than the digital channel select module 110 of
FIG. 5. Operation of the digital channel select module 296 is
described more fully below.

An error amplifier 290 is coupled to receive a composite
signal 286 at an inverting input node, to receive the reference
voltage 115, for example, 0.5 volts, at a non-inverting input
node, and configured to generate an error signal 300. Unlike
the error amplifier 116 of FIG. 5, an output stage (not shown)
of the error amplifier 290 can be configured to provide cur-
rents with generally symmetrical drive capability in both
directions. In some arrangements, the error amplifier 290 is a
transconductance amplifier, which provides a current-type
output.

The circuit 270 can include a capacitor 302 coupled to the
output node of the error amplifier 116. The capacitor 302 can
be comprised of a parallel combination of output capacitance
of the error amplifier 290 in parallel with the input capaci-
tance of the error node 125 of the controllable DC-DC con-
verter 12. However, in some other arrangements, the capaci-
tor 302 can include another capacitor as well. In one
particular arrangement, the capacitor 302 has a value of about
one hundred picofarads. The capacitor 302 can provide a loop
filter and can have a value selected to stabilize a feedback
control loop.

The controllable DC-DC converter 12 is coupled to receive
the error signal 300 at the error node 124 of the controllable
DC-DC converter 12. The controllable DC-DC converter 12
is also coupled to receive the power supply voltage, Vps, at
the input node 12¢ and to generate a regulated output voltage
304 at the output node 124 in response to the error signal 300.
It should be recognized that the regulated output voltage 304
can be the same as or similar to the regulated output voltage
38 of FIG. 1 or the regulated output voltage 122 of FIG. 5.
However, since the error signal 300 is generated in a different
way than the error signal 34 of FIG. 1 and the error signal 118
of FIG. 5, the regulated output voltage 304 need not be exactly
the same as the regulated output voltages 38, 122.

The electronic circuit 270 can also include a comparator
292, having one input node coupled to receive the reference
voltage 115 and another input node coupled to receive the
composite signal 286. The comparator 294 is configured to
generate a comparison signal 294, which is received by the
digital channel select module 296.

In operation, the digital channel select module 296 selects
particular channels, one at a time, and closes the switches 98,
100, 102, one at a time, accordingly. The digital channel
select module 296 keeps the selected switch closed for at least
some predetermined minimum time, for example, one micro-
second. Both the error amplifier 290 and the comparator 294
are coupled to receive one of the voltage signals 272,274,276
in accordance with the selected one of the switches 98, 100,
102. The selected one of the switches 98, 100, 102 remains
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closed until such time as the associated one of the current
regulators 20, 22, 24 achieves proper current regulation, i.e.,
until its associated voltage signal 272, 274, 276 is sufficiently
high. When the associated one of the current regulators 20,
22, 24 achieves proper current regulation, then the digital
channel select module 296 switches to a next channel, i.e.,
selects a different one of the switches 98, 100, 102 to close.
Operation of the digital channel select module 296 continues
in this way, continuously sequencing through the switches 98,
100, 102.

With this arrangement, due in-part to averaging provided
by the capacitor 302, the controllable DC-DC converter 12 is
primarily controlled by a lowest one or more of the voltage
signals 272,274, 276, which tends to receive a longest closure
of an associated one of the switches 98, 100, 102, and other
ones of the voltage signals 272, 274, 276 can have less influ-
ence. Thus, a voltage signal 272, 274, 276 that would other-
wise be too low to provide proper operation of an associated
one of the current regulators 20, 22, 24 will result in an
increase in the error signal 300, tending to raise the regulated
output voltage 304 of the controllable DC-DC converter 12.

With this arrangement, the controllable DC-DC converter
12 is controlled predominantly by one or more of the voltage
signals 272, 274, 276 having the lowest voltage. However,
other ones of the voltage signals 272, 274, 276 also contribute
to the error signal 300, but with less influence.

A particular desired value of the regulated output voltage
38 is described above in conjunction with FIG. 1, and the
same particular desired value applies in the same way to the
regulated output voltage 302. The above described error sig-
nal 300, which is dominated by a lowest one or more of the
voltage signals 272, 274, 276, approximately achieves the
particular desired value of the regulated output voltage 304.

Certain elements of the circuit 270 can be within a single
integrated circuit. For example, in some arrangements, the
current regulators 20, 22, 24, the switches 104, 106, 108, the
digital channel select circuit 296, the error amplifier 290, the
comparator 292, the capacitor 302, and some internal ele-
ments of the controllable DC-DC converter 12 (described
more fully above in conjunction with FIG. 2) can be within
the single integrated circuit.

In some alternate arrangements, the error amplifier 290 can
be replaced by a comparator coupled to a digital integrator (or
a counter) that generates a weighted sum of the outputs from
the comparator associated with closures of the switches 98,
100, 102. In other alternate arrangements, the error amplifier
290 can be replaced by a comparator, which generates an
output signal that takes on a zero state (requesting a lower
regulated output voltage 304) only when all of the current
regulators 20, 22, 24 are determined to be properly regulating.

In some alternate embodiments, the current regulators
20-24, which are shown to be coupled to the bottom (cathode)
ends of the series connected LED strings 14-18, respectively,
can instead be at to top (anode) ends of the series connected
LED strings 14-18, respectively. In these embodiments, the
input nodes 20a-24a are coupled to receive the regulated
output voltage 38, and output nodes 205-245 are coupled to
the anode ends of the series connected LED strings 14-18,
respectively. Furthermore, in these embodiments, the
switches 98-102 are coupled to the output nodes 205-24b,
which become the voltage sense nodes in place of the input
nodes 20a-24a, and the non-inverting input of the error ampli-
fier 290 is coupled to receive a different reference voltage.

The circuit 270 has advantages over the prior art. For
example, the circuit 270 avoids the necessity for the above-
described minimum select circuit, which can result in less
integrated circuit die area.
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The arrangements of FIGS. 1, 3,4, 5, 6, 7, 8, and 9 are
indicative of three series connected strings of light emitting
diodes. However, it will be appreciated that other circuits can
be expanded or contracted to accommodate more than three
or fewer than three series connected strings of light emitting
diodes, including one series connected string of light emitting
diodes.

As described above, the arrangements of FIGS. 1, 4, 5, 6,
and 9 show the regulated output voltage of the controllable
DC-DC converter 12 coupled to the anode ends of the series
connected LED strings 14, 16, 18, and current regulators
(e.g., 20,22, 24, FIG. 1) or other components (e.g., 132, 134,
136, FIG. 6) coupled between the cathode ends of the series
connected LED strings 14, 16, 18 and ground. It will be
appreciated that other similar arrangements are also possible,
for which the regulated output voltage of the controllable
DC-DC converter 12 is instead coupled to the current regu-
lators and the current regulators are in turn coupled to the
anode ends of the series connected LED strings 14, 16, 18,
which are coupled at their cathode ends to ground. Further-
more, still other arrangements are possible for which the
regulated output voltage of the controllable DC-DC converter
12 is a negative voltage.

All references cited herein are hereby incorporated herein
by reference in their entirety. Having described preferred
embodiments of the invention, it will now become apparent to
one of ordinary skill in the art that other embodiments incor-
porating their concepts may be used.

It is felt therefore that these embodiments should not be
limited to disclosed embodiments, but rather should be lim-
ited only by the spirit and scope of the appended claims.

What is claimed is:

1. An electronic circuit for driving a plurality of series
connected light emitting diode strings with a controllable
DC-DC converter, the electronic circuit comprising:

a plurality of field effect transistors (FETs), each FET

having a respective drain, source, and gate, wherein each
FET is configured to pass a predetermined current from
the respective drain to the respective source;

a plurality of resistors, each having respective first and
second ends, each resistor coupled at the first end to a
respective source of one of the plurality of FETs forming
a respective current sense node, wherein the drain of
each FET or the second end of each resistor is coupled to
an end of a respective one of the plurality of series
connected light emitting diode strings;

aplurality of amplifiers, each amplifier having a respective
input node coupled to a respective current sense node,
and each amplifier having a respective output node
coupled to a respective gate of a respective FET, wherein
each one of the plurality of amplifiers is configured to
generate a respective control voltage signal at the
respective output node indicative of a control of the
respective FET for the respective FET to pass the pre-
determined current from the respective drain to the
respective source;

a maximum select circuit having a plurality of input nodes
coupled to receive the control voltage signals from the
plurality of amplifiers and having an output node,
wherein the maximum select circuit is configured to
select a largest one of the control voltage signals and to
generate a signal representative of the largest one of the
control voltage signals at the output node; and

an error amplifier having an input node and an output node,
wherein the input node of the error amplifier is coupled
to the output node of the maximum select circuit,
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wherein the error amplifier is configured to generate an
error signal at the output node of the error amplifier,
wherein the error amplifier comprises a transconduc-
tance amplifier, wherein the signal representative of the
largest one of the control voltage signals, at the input
node of the error amplifier, comprises a voltage signal,
wherein the error amplifier is configured to generate the
error signal as a current signal; wherein the electronic
circuit further comprises:

a capacitor coupled to the output node of the error amplifier
to provide a loop filter for loop stability, wherein the
capacitor comprises an output capacitance of the error
amplifier in parallel with an input capacitance of the
controllable DC-DC converter.

2. The electronic circuit of claim 1, wherein the control-
lable DC-DC converter is coupled to receive the error signal,
wherein the controllable DC-DC converter comprises an
input node configured to receive a voltage and an output node
at which regulated output voltage is generated by the control-
lable DC-DC converter, wherein the error signal is configured
to control the regulated output voltage.

3. The electronic circuit of claim 2, wherein the control-
lable DC-DC converter comprises a switching regulator.

4. A method of driving a plurality of series connected light
emitting diode strings with a controllable DC-DC converter,
the method comprising:

attempting to pass a respective predetermined current
through each one of the plurality of series connected
light emitting diode strings with a respective feedback
current control circuit, resulting in a respective voltage
appearing at an end of each one of the plurality of series
connected light emitting diode strings, wherein a control
node of the feedback circuit generates a control voltage
that changes in a direction opposite to a change of the
respective voltage;

detecting a largest one of the control voltages;

generating an error signal representative of the largest one
of the control voltages to control the DC-DC converter,
wherein the error signal is generated as a current signal;
and

filtering the error signal with a loop filter comprising a
capacitor to provide loop stability wherein the capacitor
comprises an output capacitance of the error amplifier in
parallel with an input capacitance of the controllable
DC-DC converter.

5. The method of claim 4, wherein the generating the error

signal comprises:

generating the error signal error signal with a transconduc-
tance amplifier.

6. The method of claim 4, wherein the controllable DC-DC
converter is coupled to receive the error signal, wherein the
controllable DC-DC converter comprises an input node con-
figured to receive a voltage and an output node at which
regulated output voltage is generated by the controllable DC-
DC converter, wherein the error signal is configured to control
the regulated output voltage.

7. The method of claim 6, wherein the controllable DC-DC
converter comprises a switching regulator.

8. The method of claim 7, wherein the generating the error
signal comprises:

generating the error signal with a transconductance ampli-
fier.



UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. 29,320,094 B2 Page 1of1
APPLICATION NO. : 14/638257

DATED - April 19, 2016

INVENTOR(S) : Gregory Szczeszynski et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

Specification

Column 1, line 19 delete “2002,” and replace with --2007,--.

Column 1, line 58 delete “and -31 volts,” and replace with --and 31 volts,--.
Column 2, line 5 delete “LED string” and replace with --LED strings--.
Column 2, line 6 delete “voltage the” and replace with --voltage (i.e., the--.
Column 2, line 23 delete “input, nodes™ and replace with --input nodes--.
Column 5, line 3-4 delete “the a plurality” and replace with --the plurality--.
Column 5, line 5 delete “the a plurality” and replace with --the plurality--.
Column 7, line 61, delete “at to top™ and replace with --at the top--.

Column 8, line 15 delete “signal. 34 and replace with --signal 34--.
Column 9, line 35 delete “fps,” and replace with --Vps,--.

Column 10, line 39 delete “string” and replace with --strings--.

Column 10, line 40 delete “one of more™ and replace with --one or more--.
Column 12, line 22 delete “LEI)” and replace with --LED--.

Column 12, line 57 delete “150, 152, 152 and replace with --150, 152, 154--,
Column 12, line 65 delete “signal” and replace with --signals--.

Column 14, line 43 delete “than none” and replace with --that none--,
Claims

Column 18, line 50 claim 5, delete “error signal error signal” and replace with --error signal--.

Signed and Sealed this
Eighth Day of November, 2016

Decbatle X Zea

Michelle K. Lee
Director of the United States Patent and Trademark Office



